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We show that the maximum work that can be obtained from the thermal radiation emitted between two
planar sources in the near-field regime is much larger than that corresponding to the blackbody limit. This
quantity as well as an upper bound for the efficiency of the process are computed from the formulation of
thermodynamics in the near-field regime. The case when the difference of temperatures of the hot source and
the environment is small—relevant for energy harvesting—is studied in detail. We also show that thermal
radiation energy conversion can be more efficient in the near-field regime. These results open new possibilities
for the design of energy converters that can be used to harvest energy from sources of moderate temperature
at the nanoscale.
I. INTRODUCTION
As reported in recent years, radiative heat transfer is
enhanced by several orders of magnitude in the near-field
as compared to the blackbody limit1–3, thus increasing
the amount of energy exchanged between bodies sepa-
rated by a submicron distance4–6. At the interface of po-
lar materials, the coupling of phononic excitations with
the electromagnetic fields results in the so-called sur-
face phonon-polaritons (SPP). These surface waves can
be thermally excited at the nanoscale due to their exis-
tence in the infrared7,8. Moreover, the physical mecha-
nism leading to the increase of contributing electromag-
netic modes derives from the local density of states, which
plays a key role in the determination of thermodynamic
functions9–11. When two planar sources supporting SPP
are placed at a distance smaller than the thermal wave-
length, the resonance of these modes is responsible for the
considerable increase of the emitted radiation8,12. This
enhancement in the radiative heat transfer has a huge
potential for generating clean and renewable energy from
thermal sources using thermophotovoltaic devices13–15.
In the context of thermal radiation energy conver-
sion, however, little attention has been paid to situations
where the difference of temperatures of the sources is not
too high. The main reason is that the efficiency of the
converters and the available energy to produce work is
small in these cases. Near-field radiation is a promising
option to overcome this obstacle since, as we shall see,
both efficiency and available energy can be higher than
that of conventional blackbody radiation. This mech-
anism opens the possibility to implement converters to
harvest energy from sources of moderate temperature at
the nanoscale. For designing energy-conversion devices it
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is then crucial to estimate the maximum amount of work
available from near-field radiation.
Our aim here is to compute the work flux that can
be extracted from the radiation emitted by sources sup-
porting SPP in the near-field regime. We also obtain and
discuss an upper bound for the efficiency of this process.
II. THERMODYNAMICS OF THERMAL RADIATION
Consider the energy flux U˙(T ) radiated per unit time
and surface by a body at absolute temperature T . This
energy flux can be written as
U˙(T ) =
∫ ∞
0
dω ~ωn(ω, T )ϕ(ω), (1)
where n(ω, T ) =
(
e~ω/kBT − 1)−1 is the average number
of photons in a single mode of frequency ω, and ~ and
kB are Planck’s and Boltzmann’s constants, respectively.
The function ϕ(ω) in (1), which we call the spectral flux
of modes, will be obtained in the next section from the
fluctuating electrodynamics approach16.
Since T is an absolute temperature, the entropy flux
S˙(T ) associated to the radiation must satisfy the relation
1
T
=
dS˙
dU˙
. (2)
Hence, the entropy flux is readily obtained from U˙(T )
and is given by
S˙(T ) =
∫ T
0
dT ′
1
T ′
dU˙(T ′)
dT ′
. (3)
By introducing
m(ω, T ) = [1 + n(ω, T )] ln [1 + n(ω, T )]
− n(ω, T ) lnn(ω, T ), (4)
the entropy flux (3) can be rewritten as
S˙(T ) =
∫ ∞
0
dω kBm(ω, T )ϕ(ω). (5)
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FIG. 1. (color online) Schematic representation of the system.
The radiating surfaces are separated by a distance d and a
converter is coupled to the body that is in thermal equilibrium
with the environment.
The expression (5) for the entropy flux is valid provided
the spectral flux of modes does not depend on tempera-
ture.
In the situation at hand, we are interested in the case
where there is interaction with a second body that emits
thermal radiation at a different temperature. Thus, we
will assume that each body always remains at the same
fixed temperature, so that each emission spectrum is
characterized by its own equilibrium temperature. The
fluxes associated only to the radiation of one of these bod-
ies can be obtained by considering that the other body
has zero temperature, but its optical properties such as
absorption or reflection of incoming electromagnetic radi-
ation have to be taken into account. Here we also assume
that both bodies have a planar surface.
In order to define the thermodynamic scheme of the
conversion process, let us consider the radiation emitted
by the surface of one of these materials at temperature
Th to the second radiating surface at environmental tem-
perature Te, assuming Te < Th. Now consider a converter
that transforms the energy flux of the radiation incom-
ing on the surface of the body at Te, delivering a certain
amount of work flux W˙ . We do not need to specify how
the converter works because here we focus on an upper
bound for the efficiency, as will become clear below.
The converter can be thought of as coupled to the body
that is in thermal equilibrium with the environment, as
sketched in FIG. 1. Thus, the energy flux balance equa-
tion for the system plus the environment can be written
as
∆U˙ + Q˙e + W˙ = 0, (6)
where Q˙e is the heat flux delivered to the environment,
and
∆U˙ = U˙(Te)− U˙(Th) (7)
is the variation of energy flux of the radiation. Further-
more, according to the formulation of the second law of
thermodynamics17, one has
∆S˙ + ∆S˙e = ∆S˙irr ≥ 0, (8)
where ∆S˙irr is the entropy production flux due to irre-
versibilities in the processes of conversion, ∆S˙e is the
variation of entropy flux of the environment, and
∆S˙ = S˙(Te)− S˙(Th) (9)
is the variation of entropy flux of the radiation. Here we
have assumed that in the converter there are no sources
either of energy or entropy, i.e., stationary regime. More-
over, equations (6) and (8) are closely linked because
∆S˙e = Q˙e/Te. Under these conditions, the work flux
provided by the device reads
W˙ = Te∆S˙ −∆U˙ − Te∆S˙irr, (10)
and in the limiting case when there is no entropy pro-
duction, one has an ideal work flux
W˙ ≡ Te∆S˙ −∆U˙ . (11)
Therefore, W˙ is the maximum work flux that can be
obtained in the process of conversion of the incoming
energy flux.
The efficiency η is given by the ratio of the available
work flux to the input energy flux. According to the
previous scheme, the latter here is the energy flux coming
from the hot source U˙(Th), whence one has
18
η ≡ W˙
U˙(Th)
=
W˙ − Te∆S˙irr
U˙(Th)
. (12)
An upper bound η¯ for the efficiency is obtained by con-
sidering that the work flux is ideal; i.e.,
η¯ =
W˙
U˙(Th)
≥ η. (13)
In Sec. IV we obtain this upper bound η¯ as well as W˙
considering near-field thermal radiation.
III. SPECTRAL FLUX OF MODES BETWEEN TWO
MEDIA
According to the scheme discussed in the previous sec-
tion, here we consider two isotropic semi-infinite non-
magnetic media separated by a vacuum gap. In order
to determine the spectral flux of modes ϕ(ω), first it is
assumed that the temperature of one of these media, say
medium 1, is T1 and the temperature of medium 2 is
T2 = 0. Moreover, thermal excitations in medium 1 pro-
duce fluctuating currents that generate fluctuating elec-
tromagnetic fields in the vacuum gap. Thus, denoting
by z the direction perpendicular to the surfaces, ez the
unit vector in this direction, and E1 and H1 the fluctu-
ating electromagnetic fields due to currents in medium 1,
the energy flux radiated by medium 1 and absorbed by
medium 2 is given by7,19
U˙(T1) =
〈
Σ1→2z
〉
= 〈E1 ×H1〉 · ez. (14)
3In the previous equation Σ1→2z is the normal component
of the Poynting vector and 〈 · · · 〉 denotes statistical av-
erage. Analogously, computing the energy radiated by
medium 2 and absorbed by medium 1, U˙(T2) =
〈
Σ2→1z
〉
,
the net energy transfer ∆U˙ = U˙(T2) − U˙(T1) takes the
form
∆U˙ =
∫ ∞
0
dω ~ω [n(ω, T2)− n(ω, T1)]ϕ(ω), (15)
with ϕ(ω) for two identical media given by7,8,12,20
ϕ(ω) =
∑
α=p,s
{∫ ω/c
0
dκκ
4pi2
[
1− |Rα(κ, ω)|2
]2
|1− e2iγdR2α(κ, ω)|2
+
∫ ∞
ω/c
dκκ
pi2
e−2|γ|dIm2 [Rα(κ, ω)]∣∣1− e−2|γ|dR2α(κ, ω)∣∣2
}
.
(16)
Here d is the width of the vacuum gap, Rα(κ, ω) is the
reflection coefficient of the vacuum-material interface for
polarizations α = p, s, and κ is the component of the
wave vector parallel to the surfaces which is related to
γ through γ =
√
(ω/c)2 − κ2. The case of blackbody
radiation is obtained by assuming that the materials are
perfect absorbers so that Rα = 0 and hence
ϕ(ω) = ϕbb(ω) =
( ω
2pic
)2
, (17)
where the subscript bb refers to the blackbody regime.
Thus, in this case one obtains U˙ = U˙bb = σT
4 and S˙ =
S˙bb = 4σT
3/3, where σ is Stefan’s constant. For the
case of blackbody radiation, the ideal work flux is given
by W˙ = W˙bb, with
W˙bb = σ
(
T 4h − T 4e
)− 4
3
σTe
(
T 3h − T 3e
)
. (18)
As noted previously, for gap sizes d  λT = c~/kBT
the emission is mainly dominated by SPP if the mate-
rial supports them (λT = 7.6µm for T = 300 K). The
enhancement of the radiative heat transfer is even more
pronounced if both surfaces are identical because in this
case these surface modes are resonantly excited7. For
this reason, we restrict here to sources made of the same
material. As examples of materials that support SPP, we
will explicitly consider silicon carbide (SiC) and hexag-
onal boron nitride (hBN), whose optical data are taken
from Ref. 21 for the former and from Ref. 15 for the
latter. However, we will present results in terms of the
resonant frequency for any material that supports these
surface modes. The dielectric constants of SiC and hBN
are suitably described by the Lorentz model
ε(ω) = ε∞
ω2L − ω2 − iΓω
ω2T − ω2 − iΓω
, (19)
where ε∞, ωL, ωT, and Γ are material-dependent param-
eters. The dependence of ϕ(ω) on the dielectric constant
enters through the reflection coefficients Rα(κ, ω), as will
be discussed below.
IV. EFFICIENCY BOUNDS AND MAXIMUM WORK
FLUX FOR NEAR-FIELD RADIATION EMITTED BY
POLAR MATERIALS
For polar materials and when the two surfaces are
close enough, the spectral flux of modes in the near-
field regime is mainly dominated by p-polarized evanes-
cent modes8,12. This corresponds to the second term in
curly brackets in (16) with α = p (s-polarized evanescent
modes can be the dominant contribution for metals, see
Ref. 22). For this p-polarized radiation and in the elec-
trostatic limit, the reflection coefficient does not depend
on κ and can be written as
Rp(ω) =
ε(ω)− 1
ε(ω) + 1
. (20)
Recently, interesting analytical results were found under
these conditions in Ref. 23. There, the authors derived
an approximate analytic closed-form expression for the
heat transfer coefficient and studied its dependence on
the temperature. Our point is that the same arguments
can be applied to compute the energy and entropy fluxes.
According to that method23, introducing
f(ω) =
Im
[
R2p(ω)
]
Im2 [Rp(ω)]
(21)
and f ′(ω) = df(ω)/dω, we write the energy flux in the
near-field regime as
U˙nf(T ) =
∫ ∞
0
dω ~ωn(ω, T )
Im
[
Li2(R
2
p(ω))
]
4pi2d2f(ω)
(22)
' ~ω0n0(T )
Re
[
Li2
(
R2p(ω0)
)]
4pid2f ′(ω0)
, (23)
where the subscript nf stands for near-field, Li2(z) is the
dilogarithm function, and we have introduced n0(T ) ≡
n(ω0, T ), with ω0 being the frequency of the SPP of the
single interface. Here we have assumed that there is only
one resonant mode, as is the case with SiC and hBN for
which
ω0 =
(
ε∞ω2L + ω
2
T
ε∞ + 1
)1/2
(24)
and f ′(ω0) ' −4/Γ. Equation (23) shows that near-
field radiation is highly monochromatic with dominant
frequency ω0. Moreover, this result also implies that in
this near-monochromatic approximation the spectral flux
of modes in the near-field regime becomes
ϕnf(ω) = gd(ω)δ(ω − ω0), (25)
with
gd(ω) =
Re
[
Li2
(
R2p(ω)
)]
4pid2f ′(ω)
, (26)
4for the radiation emitted by the polar materials under
consideration and in the presence of a nearby second sur-
face made of the same material. The function gd(ω),
which is restricted to the frequency of the resonant mode
due to the Dirac δ, contains the information about the
emissivity of the material and the typical dependence
1/d2 on the gap size in this regime7,23. In addition, this
functional form of the spectral flux of modes allows us
to easily compute the flux associated to other thermody-
namic quantities. The entropy flux of near-field radiation
is therefore given by
S˙nf(T ) =
∫ ∞
0
dω kBm(ω, T )ϕnf(ω) = kBm0(T )gd(ω0),
(27)
where m0(T ) ≡ m(ω0, T ). Hence, considering U˙(T ) =
U˙nf(T ) and S˙(T ) = S˙nf(T ), the ideal work flux in the
near-field regime takes the form
W˙nf = ~ω0gd(ω0)
{
kBTe
~ω0
[m0(Te)−m0(Th)]
− [n0(Te)− n0(Th)]
}
.
(28)
As a result, the upper bound for the efficiency in this
regime is given by
η¯nf = 1− n0(Te)
n0(Th)
+
kBTe
~ω0
m0(Te)−m0(Th)
n0(Th)
, (29)
which corresponds to that of near-monochromatic radi-
ation24, as expected. For fixed temperatures, the upper
bound η¯nf increases as the resonant frequency increases,
but its growth is limited by the Carnot efficiency since
limω0→∞ η¯nf = 1− Te/Th.
The maximum work flux that can be extracted from
the radiation in the near-field regime is considerably
higher than that obtained from blackbody radiation, as
shown in FIG. 2 for SiC and hBN setting d = 30 nm,
where also the bounds for the efficiency are plotted. One
therefore may wonder whether the bounds imposed by
thermodynamics on the efficiency permit the process of
conversion to be more efficient in the near-field regime as
compared to the blackbody regime. The upper bound for
the efficiency in the blackbody limit is easily computed
and given by24
η¯bb = 1− 4
3
Te
Th
+
1
3
(
Te
Th
)4
. (30)
Taking η¯bb as a reference provides a notion of how η¯nf
varies for different values of the resonant frequency ω0.
For high enough temperatures, η¯bb can be higher than
η¯nf, however, here we concentrate on the case where the
difference of temperatures of the surfaces is small in com-
parison with the average temperature. Such a situation
is physically relevant, for instance, if a converter is imple-
mented in a certain device with the purpose of harvest-
ing energy from near-field radiation, taking advantage of
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FIG. 2. (color online) Efficiency bound η¯nf and ideal work
flux W˙nf as a function of the temperature of the hot source
Th for two different environmental temperatures Te. In (a)
and (b) these quantities are plotted for Te = 270 K, while
in (c) and (d) for Te = 300 K. The quantities η¯bb and W˙bb
corresponding to blackbody radiation are also shown.
the fact that one of its components has a temperature
somewhat higher than the environment due to some in-
dependent process. The penalization in the efficiency of
the conversion because of the small temperature differ-
ence can be compensated by the considerable amount of
work flux obtained from near-field radiation. Thus, we
take the limit where the temperature of the hotter sur-
face approaches the environmental temperature Te in the
ratio η¯nf/η¯bb and obtain
R ≡ lim
Th→Te
η¯nf
η¯bb
=
~ω0
4kBTe
[
1− exp
(
− ~ω0
kBTe
)]−1
. (31)
The condition η¯nf > η¯bb in this limit, i.e. R > 1, can be
numerically resolved and is satisfied if
ω0 > 3.921
kBTe
~
, (32)
leading to a threshold frequency for which the conversion
of near-field radiation can be more efficient than the con-
version of blackbody radiation. Furthermore, this also
means that the higher the value of ω0, the more η¯nf in-
creases at small temperature difference, see FIG. 3. In
contrast, the available work flux diminishes when the
resonant frequency increases. To see that, we approxi-
mate W˙nf to leading order in ∆T = Te − Th such that
|∆T |/T0  1, with T0 = (Te + Th)/2, and obtain
W˙nf ' gd(ω0)
8kBT0
[
~ω0csch
(
~ω0
2kBT0
)
∆T
T0
]2
, (33)
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FIG. 3. (color online) Ratio η¯nf to η¯bb in the limit where the
temperature of the hot source approaches the environmental
temperature as a function of the frequency of the SPP. For
Te = 270 K, in this limit η¯nf is more than twice as large as η¯bb
for hBN.
which decreases for increasing ω0 because of the hyper-
bolic cosecant. We see clearly that the choice of the ma-
terial, characterized by ω0, directly affects the efficiency
and determines the available work flux.
V. SUMMARY AND CONCLUSION
In summary, we have formulated a thermodynamic
scheme for the radiation in the near-field regime. We
have obtained analytical expressions for energy, entropy,
and ideal work fluxes of near-field radiation using the
near-monochromatic approximation23. The upper bound
for the efficiency has been computed and has been shown
to agree with previous results for near-monochromatic
radiation24. We have elucidated the dependence of this
bound on the resonance frequency and we have also seen
how the choice of the material influences the performance
of the energy conversion process. This approach sheds
light on thermal radiation energy conversion exploiting
optical properties of the emitters and provides new per-
spectives for harvesting energy from near-field radiation.
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